ISIS Spectrograph Automatic Active Collimator (ISAAC) was developed at the Optical Science Lab, University College London, as an experimental system to improve the image stability on the detectors of the Intermediate-dispersion Spectroscopic and Imaging System (ISIS) at the William Herschel Telescope (WHT). It is based on the concept of active compensation, where spectrum drifts, owing to the spectrograph flexing under the effect of gravity, are compensated by the movement of an active optical element. ISAAC is a fine-steering tip-tilt collimator mirror; it was tested on the spectrograph in 1995 July. Here we report the details of the design and the laboratory tests together with the results of the experiment on ISIS at the WHT. The experiment shows that active compensation can reduce flexure down to less than 3 f.lm over 4 h of telescope motions, dramatically improving the spectrograph performance. A way of implementing ISAAC as a common user facility is briefly discussed, together with a study of the characteristics of flexure in ISIS.
INTRODUCTION
As described in the companion to this paper , hereafter paper I), flexure in spectrographs is an important issue, and one that particularly concerns the designers of instruments for very large telescopes. The approach we adopted was to employ active optics as a way of solving this problem. With active compensation of flexure the image shifts on the detector are repeatedly compensated through motions of an active optical element within the instrument.
An active flexure compensation system is currently being investigated for the Gemini Multi-Object Spectrograph (GMOS) (Allington-Smith & Davidge 1994) , following a commissioned study of the problem performed under contract to Gemini in this laboratory . In this case, since GMOS has transmission optics, the detector motion was chosen as the active element. Recently this concept has also been proposed by as a way of easing the pressure on the mechanical design, improving the instrument performance and even reducing optical aberrations. Bhatia, however, proposes to apply higher order corrections and at much higher rate, to improve the image quality and not just the stability.
This implies that the active corrections need to be applied © 1996 RAS with a thin deformable grating. The technical challenge in producing such a system seems to be the major obstacle in this approach. Before the experiment described in this paper, active compensation of flexure had never been attempted on a Cassegrain spectrograph.
Active flexure compensation can be achieved either with: (i) an open-loop system, where the drifts are accurately measured and stored in a look-up table from which the active element is controlled; or (ii) with a closed-loop system, where an optical reference is sensed directly and fed back to the control of the active element. Having decided that active flexure compensation was the right way forward, we saw an opportunity of developing an active system for the Intermediate-dispersion Spectroscopic and Imaging System (ISIS) spectrograph at the 4.2-m William Herschel Telescope (WHT). Whilst the basic motivation was a proof of concept for the Gemini High Resolution Optical Spectrograph (HROS), it was clear that ISIS exhibited flexure at a level where it could benefit from the active collimator approach we had proposed.
ISIS AND THE ISAAC PROJECT
ISIS is a double-beam spectrograph designed and built by the Royal Greenwich Observatory and has been in opera-
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Active flexure compensation can be achieved either with: (i) an open-loop system, where the drifts are accurately measured and stored in a look-up table from which the active element is controlled; or (ii) with a closed-loop system, where an optical reference is sensed directly and fed back to the control of the active element. Having decided that active flexure compensation was the right way forward, we saw an opportunity of developing an active system for the Intermediate-dispersion Spectroscopic and Imaging System (ISIS) spectrograph at the 4.2-m William Herschel Telescope (WHT). Whilst the basic motivation was a proof of concept for the Gemini High Resolution Optical Spectrograph (HROS), it was clear that ISIS exhibited flexure at a level where it could benefit from the active collimator approach we had proposed. tion at the Cassegrain focus of the WHT for several years. Systematic measurements of the position of the spectrum as a function of zenith distance and rotation angles of the Cassegrain turntable have shown evidence of flexure in the ISIS structure and probably in its supporting flange system (Rutten, private communication) . ISIS is one of the largest Cassegrain instruments currently in operation on a 4-m class telescope, and therefore one where imaging stability is most critical. It is also a very popular instrument in the astronomical community for its versatility and overall performance. These reasons make it an almost ideal choice for the testing of our novel system of image stabilization.
The ISIS Spectrograph Automatic Active Collimator (ISAAC) project was originally conceived as an open-loop system for active compensation of flexure. The choice of the active element fell on the collimator for two main reasons: it was easy to control with rear-mounted actuators to provide tip/tilt active corrections, and given its position in the spectrograph, it could be accessed and replaced easily. Moreover, the collimator is a natural choice for flexure compensation, being in place for every spectrograph setup and producing significant image shifts on the detector with relatively small tilts. The last is important in avoiding optical aberrations which could be introduced if the correction significantly disturbed the optical geometry. The blue arm was chosen because, when we started this project, it was experiencing larger flexure.
Flexure compensation with an active collimator is based on a simple concept: when the spectrum position on the detector drifts during tracking, the collimator is slightly tilted, thus deflecting the reflected beam and restoring the image to the original position. The active collimator replaces the existing collimator in the spectrograph and it is operated remotely with a computer. Fig. 1 shows a schematic drawing of ISAAC illustrating the major components and communication links in the system. The collimator is finely steered with three piezoelectric actuators pushing against its back. The amount of tilt required is calculated from the spectrograph geometry and a previous set of flexure measurements. The orientation in space of the spectro- , ,
Telescope Control Room : graph is calculated from the equatorial coordinates of the observed object, the sidereal time at the start of the exposure, the elapsed time and the position angle of the slit on the sky.
MECHANICAL DESIGN AND CONSTRUCTION
The mechanical design of the active collimator was driven by two major objectives: to make it compatible and easy to interchange with the existing collimator for the ISIS blue arm, and to minimize hysteresis. The latter is required to avoid introducing new sources of image shifts during the correction process. Hysteresis in the collimator movements would affect the accuracy with which the spectrum position on the detector can be controlled and could make the active compensation ineffective. The resulting design is shown in Fig. 2 tion at the Cassegrain focus of the WHT for several years. Systematic measurements of the position of the spectrum as a function of zenith distance and rotation angles of the Cassegrain turntable have shown evidence of flexure in the ISIS structure and probably in its supporting flange system (Rutten, private communication) . ISIS is one of the largest Cassegrain instruments currently in operation on a 4-m class telescope, and therefore one where imaging stability is most critical. It is also a very popular instrument in the astronomical community for its versatility and overall performance. These reasons make it an almost ideal choice for the testing of our novel system of image stabilization. The ISIS Spectrograph Automatic Active Collimator (ISAAC) project was originally conceived as an open-loop system for active compensation of flexure. The choice of the active element fell on the collimator for two main reasons: it was easy to control with rear-mounted actuators to provide tip/tilt active corrections, and given its position in the spectrograph, it could be accessed and replaced easily. Moreover, the collimator is a natural choice for flexure compensation, being in place for every spectrograph setup and producing significant image shifts on the detector with relatively small tilts. The last is important in avoiding optical aberrations which could be introduced if the correction significantly disturbed the optical geometry. The blue arm was chosen because, when we started this project, it was experiencing larger flexure.
The mechanical design of the active collimator was driven by two major objectives: to make it compatible and easy to interchange with the existing collimator for the ISIS blue arm, and to minimize hysteresis. The latter is required to avoid introducing new sources of image shifts during the correction process. Hysteresis in the collimator movements would affect the accuracy with which the spectrum position on the detector can be controlled and could make the active compensation ineffective. The resulting design is shown in Fig. 2 the axial support for the mirror. These pads are located exactly opposite the actuators. to avoid introducing bending moments, and act as springs to produce the necessary return force for the small tilting of the mirror. The overall movement is very small: the maximum tilting angle is about 17 arcsec (10-4 rad) when the actuators are at full travel. This corresponds to image motions of 80 ~m or 3.4 pixel at the camera focal plane (24-~ pixels). The radial support is provided by a flexural element connected to the external cell and bolted to a small Invar block inserted in a blind hole in the back of the Zerodur mirror. This system was chosen to minimize thermal stresses between the mirror and the mirror cell. The mirror, an off-axis paraboloid, is an exact replica of the existing ISIS blue collimator. The surface was polished and figured by D. Brooks at the Optical Science Laboratory (OSL) to better than one-tenth of a wavelength (at 628 nm) peak-to-valley, and its focus was measured to be within 2 mm of the target value. The elastic characteristic of neoprene pads was also measured, in order to estimate the optimal level of compression that would hold the mirror firmly in place without introducing distortions on its surface. Finite element analysis showed that by applying a force of 100 N with each actuator, the mirror surface distortion was smaller than the polishing accuracy (60 nm). This force is more than sufficient to keep the mirror, which weighs around 50 N, in its axial position within the cell for all orientations of the spectrograph while in service.
CONTROL SYSTEM
The instrument hardware consists of three separate subsystems. The mirror cell and actuator system are connected through coaxial cables to the actuator driver which sits in the instrumentation rack on the telescope. This in turn is connected via a serial link to a standard lap-top 486 PC in the control room, which runs the main software (Fig. 1) . During our experiment the user interface was the lap-top Pc. This was completely separate from the ISIS control system, as demanded by the La Palma Observatory as a condition for conducting the experiment. The actuator driver contains the power supplies and amplifiers for the actuators and the sensors. It also contains a local microprocessor which communicates with the PC in the control room and sends signals to the 12-bit digital-to-analog converter which controls the drivers for the piezoelectric actuators.
In its main mode of operation, the software takes the coordinates of the observed object, the required slit position angle on the sky and the sidereal time at the start of the exposure, as keyboard input. It calculates the spectrograph orientation in space during tracking (in terms of telescope zenith distance and Cassegrain rotator position angle). Alternatively, the orientation in space can be given directly. The spectrograph position is used to predict the flexure shifts from flexure data in a look-up table. The flexure data are stored in two matrices (spectral and spatial direction shifts) with rows and columns representing telescope elevation (or zenith distancez) and Cassegrain turntable position angle (PA). Given the spectrograph position, the software interpolates the look-up table to calculate the required correction at the collimator. This correction is translated into actuator voltages and sent (in digital form) to the local processor.
LABORATORY TESTS
The laboratory tests verified that the movement accuracy and repeatability for the collimator conformed to specification. Our goal was to correct detector shifts within Ax=0.1 pixel, which for the 24-/lm Tek CCD in ISIS, means 2.4 /lm at the camera focal plane. The corresponding collimator tilt (neglecting anamorphism) is given by Ax AqJ~--.
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(1)
Given the camera focal length Fearn = 500 mm, this translates to collimator tilts as small as 0.5 arcsec or 2 ~rad.
The mirror was set up in autocollimation against a reference flat, and used to form an image of an illuminated 25-/lm pinhole. A re-imaging lens projected a magnified ( x 10) image of the pinhole on to a CCD. When the collimator is tilted, the pinhole image moves on the CCD and the shift is measured by centroiding or cross-correlating the two CCD images.
To check accuracy and repeatability we drove the actuators to near maximum expansion and then back to zero, to produce the hysteresis curve of Fig. 3 . Note that the figure represents the total hysteresis in the motion of the active collimator, not just the actuator hysteresis. The residual hysteresis shown in Fig. 3 is the major source of inaccuracy in the system. Even so, the effect is very small: if this is measured as a percentage of the total motion, our worst case result was a hysteresis of 2 per cent of the travel. By applying these results to the performance of the instrument on ISIS we can see that in terms of detector shifts this means that over a total image motion of 72 /lm (3 pixel), the maximum error is only 1.44 ~ on the detector (0.06 pixel), better than our target value. The test also showed that the collimator can be controlled and resolve movements at the 
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To check accuracy and repeatability we drove the actuators to near maximum expansion and then back to zero, to produce the hysteresis curve of Fig. 3 . Note that the figure represents the total hysteresis in the motion of the active collimator, not just the actuator hysteresis. The residual hysteresis shown in Fig. 3 is the major source of inaccuracy in the system. Even so, the effect is very small: if this is measured as a percentage of the total motion, our worst case result was a hysteresis of 2 per cent of the travel. By applying these results to the performance of the instrument on ISIS we can see that in terms of detector shifts this means that over a total image motion of 72 /lm (3 pixel), the maximum error is only 1.44 ~ on the detector (0.06 pixel), better than our target value. The test also showed that the collimator can be controlled and resolve movements at the The wavefront from the collimator mirror was measured using a scatter-plate interferometer with Wyko Corp. Phase II fringe analysis software. Measurements were made with the mirror both inside and outside the cell. Peak-to-valley error was 0.067A (He-Ne 632.8 nm) outside (unstressed) and 0.077 A. inside, showing that no significant stress was introduced. Even when one actuator was maximally extended, the peak-to-valley error was only 0.097 A.. The actuator performance was tested in variable environmental condition. By operating the actuators in a cold room with temperatures as low as -10°C, we were able to prove that no measurable degradation of performance occurs. The actuators were also working correctly with relative humidity levels as high as 70-80 per cent.
THE EXPERIMENT ON ISIS
Only 1995 July we obtained access to ISIS for day-time tests at the WHT. The aim was to study flexure in ISIS, monitor it effectively and then prove that we could compensate it with the active collimator. The ISAAC collimator was installed on the ISIS blue arm and its focus and tilt were adjusted using the standard Hartmann shutter. The optical quality was checked by imaging a narrow slit illuminated with Cu-Ne and Cu-Ar calibration lamps. The results were at least as good as those obtained with the original collimator. Most of our subsequent tests were performed with a 150-J.Lm slit and with the low-dispersion (158 line mm-I ) grating centred around A. = 7000 A. This value was chosen to provide a good SIN ratio in the calibration lamp spectra. All the data were recorded using the same 1024 x 1024 Tektronix CCD with 24 x 24 J.Lm 2 pixels (La Palma Tek1 CCD).
The fine calibration of the mirror movements was performed with the collimator optically aligned in the spectrograph. The three actuators were moved in turn and in different combinations, and the corresponding detector shifts recorded. From this the parameters relating the actuator voltages to detector shifts were calculated. The reference spectra were generated by observing an arc spectrum through a short dekker, so that each spectral line would produce an almost circular spot. The detector shifts (in spectral and spatial direction) were calculated by centroiding a single line in the spectrum. We checked this procedure with other lines in the spectrum that gave the same result to within 0.05 pixel, confirming that this system was as effective for this application as cross-correlating the whole spectrum (and much quicker).
To achieve effective open-loop compensation, flexure needs to be measured and modelled very accurately. For the purpose of flexure measurements the spectrograph orientation in space is defined by only two parameters: the zenith distance z of the telescope (or the elevation=90° -z) and the position angle of the Cassegrain turntable on which ISIS is mounted. The telescope azimuth rotation does not change the position with respect to the gravity vector and is irrelevant. Flexure is measured by recording the shifts on the CCD detector of a point-source for the different orientations in space. A 'point' -source is created by observing a spectral line through the short dekker. Flexure shifts are measured by centroiding spectra taken in different instrument positions.
Rutten (private communication) has generated an automatic procedure for producing a flexure map that covers the whole range of telescope and spectrograph possible positions. A program moves the telescope in elevation in 15° steps from zenith to z = 75°, then moves the telescope back to zenith, rotates the turntable 45° and repeats the elevation stepping. This is repeated for 360° of turntable motion. A spectrum is acquired at every elevation/rotation setting. The automation not only speeds up the process considerably but also assures that the data is taken always in the same way (with the same telescope motion and therefore same hysteresis). A typical flexure map thus produced is shown in Fig. 4 .
We found that the raw data coming from this measurement were not a reliable model for our active corrections because of the large hysteresis present. Fig. 5 shows three sets of data taken on three different days. Flexure shows a reproducible pattern, although translated in the CCD plane.
Moreover, since every 'arm' of the map has a starting point at zenith (with a different turntable angle), those points would be expected to coincide, given that when the telescope is pointing at the zenith a rotation of the Cassegrain turntable does not change the orientation of the spectrograph with respect to the gravity vector. The fact that they do not coincide can be attributed to hysteresis during the flexure measurement procedure, since previous measurements (Rutten, private communication) have shown tht simply rotating the turntable with the telescope pointing at zenith produces negligible flexure shifts.
For these reasons, we modified the raw flexure map by translating every arm so that the zenith points coincide, and used this as our flexure model. The result is shown in Fig. 6 . With this simple artifice the flexure map becomes easier to -
Shift -Spectral direction (pixels) Figure 4 . Map of the flexure shifts on the blue detector of ISIS. Each 'arm' represents a different turntable position angle (P A), while the points in one arm correspond to different telescope elevation (from zenith to 15° above horizon in 15° steps). Note that the points corresponding to the telescope pointing at zenith (and different P A) do not coincide. This is attributed to hysteresis in the flexure measurement procedure.
detector as small as 0.4 ± 0.1 J.Lm (corresponding to a tilt of only 0.4 J.Lrad). The wavefront from the collimator mirror was measured using a scatter-plate interferometer with Wyko Corp. Phase II fringe analysis software. Measurements were made with the mirror both inside and outside the cell. Peak-to-valley error was 0.067A (He-Ne 632.8 nm) outside (unstressed) and 0.077 A. inside, showing that no significant stress was introduced. Even when one actuator was maximally extended, the peak-to-valley error was only 0.097 A.. The actuator performance was tested in variable environmental condition. By operating the actuators in a cold room with temperatures as low as -10°C, we were able to prove that no measurable degradation of performance occurs. The actuators were also working correctly with relative humidity levels as high as 70-80 per cent.
For these reasons, we modified the raw flexure map by translating every arm so that the zenith points coincide, and used this as our flexure model. The result is shown in Each 'arm' represents a different turntable position angle (P A), while the points in one arm correspond to different telescope elevation (from zenith to 15° above horizon in 15° steps). Note that the points corresponding to the telescope pointing at zenith (and different P A) do not coincide. This is attributed to hysteresis in the flexure measurement procedure. 
Shift -Spectral direction (pixels) Figure 5 . Comparison of flexure maps taken on three different days. 
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Shift -Spectral direction (pixels) Figure 6 . Modified flexure map. Comparison of three modified maps used for modelling flexure in ISIS. This flexure model clearly is more reproducible than the data in Fig. 5 . The maps were produced by translating the tracks corresponding to different turntable positions so that the starting points (telescope at zenith) for each track coincide. This reduces the impact of hysteresis on the flexure model. The track for P A = -90° is repeated. The sudden jump in this track for an elevation of 15° is probably due to flipping of a loose component in ISIS.
understand: the amount of flexure (relative to zenith) is essentially a function of telescope elevation, while the direction of flexure mainly depends on the turntable position. Moreover, the map becomes much more reproducible: the figure shows the three different maps of Fig. 5 , after they have been modified in this way. Even so, hysteresis is intrinsic in the spectrograph structure and mechanisms, and is difficult to eliminate. A similar hysteretic effect has been observed in other Cassegrain spectrographs . The presence of hysteresis is proved by the graph of Fig. 7 , where the telescope was moved from zenith to horizon and back keeping the rotator position angle (PA) fixed. A classical hysteresis curve was produced.
© 1996 RAS, MNRAS 281, 679-686 1.2 ,.-----,---r----,.---,---,---- The flexure model developed increases the reproducibility of the flexure shifts. We need to stress, however, that the flexure map is quite sensitive to changes in the spectrograph settings (grating, central wavelength, presence of dichroic, etc.). During our tests we tried the effect of changing the grating ruling from 158 line mm-1 to 600 line mm-1 and using red and blue arms at the same time. We found that if we compensated flexure without updating the lookup table, we could still improve on the uncompensated data, but the improvement was reduced by nearly a factor of 2 . Moreover, flexure changes with time, so that over one or two months, the data (even if taken with the same settings) can look appreciably different. As a reference, Fig. 8 shows a flexure map taken one month earlier with the previous blue collimator. The graph shows that flexure in ISIS was clearly larger in June than when we took our measurements in July, so if the look-up table were not updated, flexure could be overestimated (or underestimated). However, it is necessary to mention that earlier in the spring of 1995 ISIS was taken off the telescope and dismantled to have some of its optics re-coated. It is possible that this. may explain the larger flexure observed in June. The next earlier flexure measurement available was taken one year earlier in 1994 July. In this case the amount of flexure is of the same order of magnitude as the one observed in 1995, but the tracks in the model are somewhat different, so compensation errors can still be expected.
To evaluate the long-term stability of flexure in ISIS, regular measurements would be necessary. The maintenance work on the spectrograph should also be taken into account. With the extremely limited data available, our rough estimate is that the instrument flexure could still be reduced by a factor between 1.3 and 2 with a look-up table of a few months old. This may also be improved if the data for the model were taken in a different way, as explained in Section 8. However, since the procedure for taking a flexure map takes only 2-3 h of telescope daytime, we would recommend that whenever flexure is a sensitive issue for a particular astronomical observation, a new set of data should be recorded. 
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ACTIVE COMPENSATION OF FLEXURE
The tests for active compensation of flexure were performed during the daytime, using the calibration lamps to feed the spectrograph. In our first experiment we simulated a star track by moving the telescope in 20-min steps following the motion of a 'virtual' star on the sky. In this way we compressed more than 4 h of tracking into less than 1 h of measurements. We compensated for the flexure shifts using an all-sky look-up table obtained with the procedure described earlier, and then we repeated the same track without compensation. We also took the same measurements the following day to check how reproducible these results were. The compensated and uncompensated spectrum shifts are shown in Figs 9 and 10 for the spectral and spatial directions.
Several conclusions can be drawn from these graphs. First, that on average, active compensation of flexure can reduce spectral drifts to 0.2 pixel or less (0.3 pixel worst case) for more than 4 h of tracking. We must stress here that the exposure time during astronomical observations is, anyway, limited to around 1 h by accumulation of cosmic ray events on the CCD. Our experiment of compensating flexure over several hours proves that large amounts of flexure can be corrected with the same accuracy. This may not have much impact on the length of exposures, but it is relevant in that it shows that active compensation can potentially avoid the need for frequent calibration arcs between exposures, saving telescope time. It is also highly relevant to new instruments for 8-m class telescopes.
The image stability we achieved is a significant improvement on the existing situation, with typical drifts of 1.5-2.0 pixel during the same time. The graph also shows that the improvement is more relevant for longer tracking times. This is because the uncompensated flexure usually increases fairly smoothly (at an average rate of 10 11m h-1 ), whereas the inaccuracy in compensation depends mostly on residual errors and very little on the amount of flexure to correct. Finally, the graphs prove that when the uncompensated flexure is reproducible, the curve representing the residual errors is also highly reproducible indicating that these errors are mostly due to inaccuracies in the flexure model and not to collimator movements. This last point induced us to attempt to refine the look-up table, to see if we could improve image stability even further. For the same track, we calculated the residual errors and fed them back into the active collimator control system as second-order corrections. In practice the procedure involved stepping along a track with active compensation on, recording the residual shifts, converting them into actuator voltage corrections and then running along the same track again applying the corrected voltages. These second-order corrections, for spectral and spatial directions, are shown in Figs 11 and 12, compared with the standard all-sky compensation. The improvement is quite remarkable: once the errors in the flexure model are corrected, the spectrum drifts can be contained within 0.1 pixel for nearly 4 h of equivalent tracking time (more than 4 h in spectral direction). 
The image stability we achieved is a significant improvement on the existing situation, with typical drifts of 1.5-2.0 pixel during the same time. The graph also shows that the improvement is more relevant for longer tracking times. This is because the uncompensated flexure usually increases fairly smoothly (at an average rate of 10 11m h-1 ), whereas the inaccuracy in compensation depends mostly on residual errors and very little on the amount of flexure to correct. Finally, the graphs prove that when the uncompensated flexure is reproducible, the curve representing the residual errors is also highly reproducible indicating that these errors are mostly due to inaccuracies in the flexure model and not to collimator movements. This last point induced us to attempt to refine the look-up table, to see if we could improve image stability even further. For the same track, we calculated the residual errors and fed them back into the active collimator control system as second-order corrections. In practice the procedure involved stepping along a track with active compensation on, recording the residual shifts, converting them into actuator voltage corrections and then running along the same track again applying the corrected voltages. These second-order corrections, for spectral and spatial directions, are shown in Figs 11 and 12, compared with the standard all-sky compensation. The improvement is quite remarkable: once the errors in the flexure model are corrected, the spectrum drifts can be contained within 0.1 pixel for nearly 4 h of equivalent tracking time (more than 4 h in spectral direction). The second-order corrections were obtained by feeding back to the control system the residuals from the all-sky compensation run.
DISCUSSION AND FUTURE DEVELOPMENTS
This experiment has proved that active compensation is a viable and effective way of reducing flexure in Cassegrain spectrographs. It has also shown that the collimator can be controlled with very high accuracy and it is a suitable element for applying active corrections. More importantly, ISAAC proved capable of reducing flexure in ISIS significantly. During our experiment in 1995 July ISIS was showing an average spectrum drift of over 40 /lm in 4 h of tracking time. By applying active compensation we were able to reduce it to an average 4.8 /lm over 4 h with an allsky flexure map and to less than 2.4 /lm with a flexure lookup table modelled for that particular observation. These results have several implications on the astronomical data that the spectrograph can provide, not only in terms of increased spectral resolution and reduced radial velocity errors. The reduction in flexure we achieved is such that the © 1996 RAS, MNRAS 281, 679-686 time wasted in taking regular calibration arcs can be cut drastically. Moreover, this low flexure can allow longer exposure times and improved SIN ratio: the limiting factor in the length of exposures would be effectively shifted from the flexure drifts to the cosmic ray events rate .
This experiment has also shown that the reduction in flexure we achieved was limited by the accuracy of the flexure model and not by the accuracy in the movement of the collimator. Our laboratory tests had demonstrated that the collimator could provide movements as small as 0.4 /lm on the ISIS CCD. We may therefore anticipate that flexure compensation could be improved even further with a more accurate model. This may include a different procedure for recording flexure data, for example by recording several star tracks at different declinations until the whole sky is covered. Indeed, some other ways of modelling spectrograph flexure, based on a polynomial fit of the data, have been suggested , although relying strongly on the absence of hysteresis in the spectrograph.
Another result of our experiment was in fact the confirmation of the large hysteresis in the spectrograph. This is likely to place some severe constraints on the accuracy a flexure model can ultimately achieve. Moreover, to collect the data necessary for an accurate flexure map takes considerable telescope (day) time, which is often needed for engineering and maintenance. ISAAC, using an all-sky flexure map, is therefore a compromise solution, balancing performance in image stability versus time required to achieve that. We are currently discussing with staff at the Royal Greenwich Observatory and at the ING group of telescopes the possibility of implementing our system as a common user instrument for ISIS. The plan is to have an active collimator on the red and blue arms and to integrate the relative software and hardware with the control system for ISIS.
It is clear, however, that to exploit fully the potential of the active collimator, a different approach is needed. By closing the loop with an optical reference beam propagated through the spectrograph, it is possible to avoid the problem of hysteresis altogether. The flexure shifts would be sensed in real time while the spectrograph is tracking and directly fed back into the collimator control. It also would avoid the need for producing several different flexure models for corresponding different spectrograph setups.
For these reasons we have proposed a closed loop experiment for ISIS. The experiment is discussed in more detail in Paper I and involves injecting an optical reference into the spectrograph and using the CCD with reverse clocking to sense the reference motion. We can conclude that our experiment has shown that active compensation of flexure is an attractive option in designing a new spectrograph and in improving the image stability of existing Cassegrain instruments. The open-loop approach can drastically increase the stability of the spectrum on the detector, even with its limitations. We believe that a closed-loop system can improve this even further.
The experiment reported here, as well as being the first step towards a closed-loop system, has also proved the key to the Gemini High Resolution Optical Spectrograph (HROS) . The HROS project is currently in the conceptual design phase and it is clear that the instrument will need some form of active flexure compensa-© Royal Astronomical Society • Provided by the NASA Astrophysics Data System The second-order corrections were obtained by feeding back to the control system the residuals from the all-sky compensation run.
The experiment reported here, as well as being the first step towards a closed-loop system, has also proved the key to the Gemini High Resolution Optical Spectrograph (HROS) . The HROS project is currently in the conceptual design phase and it is clear that the instrument will need some form of active flexure compensa-tion. At this moment, the plan is to build an active collimator, based on the experience with ISIS.
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